Abstract: Laser light excitation of fluorescent markers offers highly sensitive and specific analysis for bio-medical or chemical analysis. To profit from these advantages for applications in the field or at the point-ofcare, a plastic lab-on-a-chip with integrated organic semiconductor lasers is presented here. First order distributed feedback lasers based on the organic semiconductor tris(8-hydroxyquinoline) aluminum (Alq 3 ) doped with the laser dye 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyrane (DCM), deep ultraviolet induced waveguides, and a nanostructured microfluidic channel are integrated into a poly(methyl methacrylate) (PMMA) substrate. A simple and parallel fabrication process is used comprising thermal imprint, DUV exposure, evaporation of the laser material, and sealing by thermal bonding. The excitation of two fluorescent marker model systems including labeled antibodies with light emitted by integrated lasers is demonstrated.
Introduction
Specific and highly sensitive detection is a key ingredient for the realization of lab-on-a-chip (LOC) systems for screening and bio-medical or chemical point-of-care analysis of fluids [1, 2] . For these applications, optical analysis is most promising because of its high sensitivity and short response time [3] [4] [5] . The use of laser light allows for particularly sensitive and specific detection. By using a laser as excitation source for fluorescent markers, spectral overlapping of the excitation light with the marker emission is avoided. To profit from these advantages in a LOC, external laser light can be coupled into the system. Nevertheless, coupling losses occur and alignment is critical. Alternatively, light sources are integrated in combination with passive photonic components and microfluidic structures. By integration of multiple detection units, parallel measurements on a single chip are possible. E.g., Balslev et al. [6] presented the integration of multiple photonic components including an optofluidic dye laser and embedded photodiodes into a LOC system. However, for bringing systems to market, fabrication costs need to be cut down, resulting in the demand for the use of low-cost materials in a fabrication process suitable for mass production. Integrated organic optoelectronics and polymer photonics have gained interest in this respect as they offer a high potential to fulfill those requirements. In this context, polymer nanofibers were used to excite fluorescence in microchannels [7] . Furthermore, the integration of organic light emitting diodes (OLEDs) into microsystems was already investigated [8, 9] . The use of organic semiconductor lasers could combine the ease of processing of OLEDs with favorable emission properties of a laser. For this reason, the integration of organic lasers in combination with passive polymer optics was investigated [10, 11] .
In this manuscript, a plastic LOC platform with integrated first order distributed feedback (DFB) organic semiconductor lasers (OSLs), deep ultraviolet (DUV) induced waveguides and microfluidic channels is presented. Chips of the platform are fabricated in a parallel four step process. We demonstrate that light of integrated lasers, coupled to waveguides, excites fluorescent markers in aqueous solution in a microfluidic channel.
The approach for the laser LOC platform is described at first. Subsequently, the fabrication and characterization of exemplary chips of this platform used for fluorescence excitation are discussed.
Platform description
The platform that is used for chips for fluorescence excitation here comprises a poly(methyl methacrylate) (PMMA) substrate with integrated lasers, waveguides and a microfluidic channel. A scheme of a chip is shown in Fig. 1a ,b. It is sealed with a PMMA lid [12] . Substrate and lid consist of PMMA as this material can be micro-and nanostructered by thermal imprint. This allows for parallel generation of nanostructures for distributed feedback lasers and microfluidic structures in a single imprinting step [13] . PMMA is transparent for visible light. In contrast to this, exposure to DUV radiation causes breaking of the molecular chains in PMMA increasing its refractive index locally. Thus, by DUV exposure through a photomask waveguides are induced [14] . OSLs are integrated by evaporating a thin film of the organic semiconductor tris(8-hydroxyquinoline) aluminum (Alq 3 ) doped with the laser dye 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyrane (DCM) onto nanoimprinted first order DFB gratings. If a defined height of the thin film is selected it forms a single mode slab waveguide. Based on first order DFB, OSLs emit directed single mode polarized light in the chip plane. They feature a broad spectral tuning range [15, 16] , low threshold [17] , and are suitable for spectroscopic [18] or laser-induced fluorescence [19, 20] applications. OSLs must be pumped optically. While the readout system will require electrical and electronic components for operating the pumping laser source and processing the collected optical data, a disposable chip itself will not include any electronic interface. Second order DFB lasers could be used on top of a microfluidic channel to excite fluorescence. However, the use of first order DFB lasers and waveguides is advantageous as the high energy pump laser light beam is geometrically separated from the interaction zone and does not have to be blocked by a filter. Additionally, the use of waveguides allows for local excitation in the microfluidic channel and facilitates the detection of fluorescence light.
OSL light is efficiently coupled into DUV induced waveguides on chip by introducing a topographical step [21] . To gain the coupling efficiency of light generated in the organic semiconductor laser into DUV induced waveguides the modes in an Alq 3 :DCM slab waveguide and a DUV induced waveguide where calculated. The laser waveguide is an asymmetric slab waveguide on a PMMA substrate (refractive index of n s = 1.49) with a core index of 1.74 and a cladding index of 1. An Alq 3 :DCM height of 350 nm is assumed. The laser light is usually TE polarized as the threshold of TE modes is smaller as for the TM modes. A DUV exposure dose of 3 J/cm 2 results in a refractive index change at the PMMA surface of Δn = 0.0075. The index is exponentially decaying with the depth x according to n = n s + Δn exp(x/d) for x < 0 with d = 4.5 µm. The waveguide surface subsides after DUV exposure and a small air gap remains after bonding depending on the process parameters. Simulations with the software BeamPROP TM have shown that modes for air gaps > 50 nm are the same as without a PMMA lid and that the field distribution in x direction at the waveguide center is independent of the waveguide width. Thus, the analytical method introduced by E. M. Conwell [22] can be used to calculate the field distribution in x direction with a cladding index of 1. The resulting fundamental TE modes of the laser slab waveguide and the DUV induced waveguide for a wavelength of 645 nm are plotted in Fig. 2a . The power coupling efficiency as function of the step height on the PMMA substrate can be calculated according to [23] , Fig. 2b . The laser light is guided to an interaction zone (i.e. at the crossings of waveguides and fluidic channel) where it can interact with an analyte inside a microfluidic channel. The fabrication process of the plastic chips consists of four main process steps: (1) combined thermal micro-and nanoimprint of the substrate topography, followed by (2) DUV exposure to induce waveguides and (3) evaporation of Alq 3 :DCM on top of the DFB gratings through a shadow mask, and finally (4) thermal bonding of the lid to hermetically seal the lasers and close the microfluidic channel. On chips of the size of a microscope cover slip, the integrated components offer a variation of choices, e.g., the amount of waveguides and lasers, their width or the structure and topography of the microfluidic channels. The platform can thus easily be adapted to a desired application.
To demonstrate the functional capability of the platform for the on-chip excitation of fluorescent markers the following choices were made. λ/4 phase shifted linear first order DFB gratings [24] of 500 µm length and 300 µm width parallel to the grating lines in 1.6 µm deep basins of the same size were fabricated for the lasers. Grating periods of 190 nm to 215 nm in steps of 5 nm were chosen. At the same time a microfluidic channel of 0.1 mm width and 7.5 mm length was fabricated with a depth of 1.6 µm. Inside the channel linear gratings with a period of 460 nm were imprinted at the interaction zones to enhance the amount of fluorescent light directed to the detection system by Bragg scattering [25] . Waveguides of 300 µm width and 4.5 mm length are guiding the light of the lasers to the microfluidic channel.
Experimental
In the following, the fabrication of chips for fluorescence detection is described in detail. Characteristics of the optical setup and results of lasing and excitation of fluorescence in microfluidic channels are given.
Fabrication
At first, a silicon tool for replication was fabricated [12, 26] . On a 4" silicon wafer, gratings were made by electron beam lithography and subsequent aluminum deposition, lift-off, and reactive ion etching (RIE). An aligned UV lithography step on the same wafer was used for the fabrication of a resist mask for RIE of the microfluidic channel structure and the basins for the lasers respectively. After cleaning, deposition of an antistiction coating finished the tool. It was replicated into 0.5 mm thick semi finished HesaGlas ® VOS substrates (acquired from Notz Plastics AG) by thermal imprint with a Jenoptik HEX 03 imprinting system. Therefore, a pressure of 2.65 MPa was applied at a temperature of 190°C for 15 min. After cooling, the stamp and the structured substrate were separated manually. Afterwards, waveguides were induced into the PMMA by aligned DUV exposure (240 -250 nm) through a quartz chromium mask using a mask aligner (EVG 620) with a dose of 3 J/cm 2 . A stencil shadow mask was fabricated by UV photolithography and electroplating of nickel. It was adjusted on top of the device. In a high vacuum chamber Alq 3 and 2.3% by weight of DCM were thermally co-evaporated up to a thickness of 350 nm. After removal of the mask, a 0.5 mm thick PMMA lid with prestructured inlets (diameter 1 mm) was bonded to the substrate at 78°C and 2.65 MPa under nitrogen atmosphere for 15 min using the imprinting system again. Finally, a wafer dicing saw separated the stack into chips of the size of microscope cover slips (18 × 18 mm 2 ) with ~1 mm thickness. A photograph of such a plastic chip is shown in Fig. 3 . It additionally includes an atomic force micrograph of a DFB grating taken after thermal imprint and an optical micrograph of an interaction zone. The waveguide surface subsides after DUV exposure. Thus, waveguide and lid are not in intimate contact as can be seen in the micrograph due to the contrast and the appearing interference effects. To avoid leakage of an analyte onto the waveguide, a gap was left between waveguide and microfluidic channel. Fig. 3 . Photograph of a plastic LOC system with an optical micrograph of an interaction zone (upper inset) and an atomic force micrograph of a DFB laser grating (lower inset).
Experimental setup
The experimental setup for the characterization of the chips is schematically depicted in Fig. 4 . A UV laser (Newport, Explorer Scientific, EXPL-349-120-CDRH) emitting pulses of < 5 ns length at 349 nm is used as pump source. Utilizing a beam splitter and a calibrated photodiode the pump pulse energy is monitored during operation. The pump spot is focused to ~300 µm in diameter. Its size and position on the chip is controlled with a charge-coupled device (CCD) camera (Sony DXC-107A) behind the beam splitter (not shown in Fig. 4) . To measure the optical signal from the interaction zones a microscope with a 20× objective with a numerical aperture of 0.42 is used. A second CCD camera (Starlight Xpress SXVF-H9) is mounted to the microscope in order to take images of the interaction zone. Alternatively, a multi mode optical fiber can be attached to examine spectral characteristics. The fiber leads to a spectrograph (Acton Research SpectraPro 300i, variable grating) connected to an intensified CCD camera (Princeton Research, PiMax 512). Two different long pass filters (Schott color glass filters RG645, RG665) are used to block light below ~645 nm or ~665 nm respectively. This arrangement blocks the laser light and only the excited fluorescent light is detected. Due to the polarized laser light blocking with a polarizer might be feasible as well, compare [7] . However, a spectral filter is used here as the exciting laser light and the fluorescence are spectrally separated due to the narrow laser line and the whole unpolarized fluorescent light can pass the filter. Both chip and microscope detection unit are mounted on separate xyztranslation-stages while the other components are fixed. By placing the microscope at the edge of the device, it can additionally be used to analyze the laser emission at the end facet with the spectrometer. In this case, a long pass filter blocking only the UV pump light is used. Capillary forces fill the microfluidic channels on the chips with the fluorescent solutions. The filling is accelerated by a low pressure applied with a miniaturized vacuum pump (Bürkert Micro Pump 7604) connected to one of the inlets. 
Measurement results
At first, the integrated lasers were characterized using the pump laser and the spectrometer. Input-output curves were taken giving laser thresholds of typically ~0.7 µJ with the spot diameter being 300 µm. The threshold is increased due to absorption of the pump light by the substrate material [12] . Figure 5a exemplarily shows an input-output curve for a laser with a peak wavelength of 635 nm. Figure 5b shows a spectrum from an interaction zone taken with the setup shown in Fig. 4 without using a long pass filter. Therefore, the lasers were pumped with a repetition rate of 1 kHz and the fluorescence spectra were averaged by integrating over 20 s. The laser line is clearly visible on top of the fluorescence of the laser material as well as the excited fluorescence of the FluoSpheres ® . However, for sensing with a simplified setup without a microscope and using a photodiode that does not distinguish between different wavelengths the light from the laser material must be blocked. Thus, the long pass filter blocking below ~665 nm was used. In Fig. 6a (left) a spectrum from an interaction zone is shown where the exciting laser light at 639 nm is blocked while the fluorescenct light passes the filter. The same is shown for the excitation of the Alexa Fluor ® solution with laser light at 619 nm with a long pass filter blocking at ~645 nm, Fig. 6a (right) . The observed noise in case of the Alexa Fluor ® is stronger as compared to the FluoSpheres ® measurement, which can be partially assigned to the exciting laser wavelength being further away from the absorption maximum of the Alexa Fluor ® as in the case of the FluoSpheres ® . Additionally, fluorescence light of the laser material overlaps with the light from the Alexa Fluor ® markers, which is especially visible for shorter wavelengths were the fluorescence of DCM is stronger. By tuning the exciting laser wavelength to the maximum of the marker absorption the fluorescence of Alexa Fluor ® can be enhanced [19] . Combined photographs of the interaction zone under illumination with a lamp and fluorescent light from FluoSpheres ® taken with a CCD camera through the 665 nm long pass filter illustrate that the fluorescence is mainly detected from the edge of the microfluidic channel, Fig. 6b . This can be assigned to an exponential decay of the laser light intensity by absorption from the marker molecules and is consistent with results achieved with external lasers [27] . 
Conclusion
Future investigations on the presented platform will comprise time depended analysis and functionalization of the interaction zone enabling specific detection of more than one analyte component. E.g., lipid multilayers can be used to locally functionalize interaction zones or to form gratings for marker free detection [28] . Further, marker free detection schemes using interferometric devices [29] or the detection of shifts of photonic microcavity resonances [30] [31] [32] [33] and plasmonic resonances [34] are feasible. Miniaturization of the surrounding reusable components and adaptation of the platform to specific applications will pave the way towards analysis in the field or at the point of care.
In summary, a plastic photonic lab-on-a-chip with integrated organic semiconductor lasers, waveguides, and a nanostructured microfluidic channel for exciting fluorescent markers used as labels for both, microspheres and antibodies, has been demonstrated here.
